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ABSTRACT Plant viruses usually encode one or more movement proteins (MP) to
accomplish their intercellular movement. A group of positive-strand RNA plant vi-
ruses requires three viral proteins (TGBp1, TGBp2, and TGBp3) that are encoded by
an evolutionarily conserved genetic module of three partially overlapping open
reading frames (ORFs), termed the triple gene block (TGB). However, how these
three viral movement proteins function cooperatively in viral intercellular movement
is still elusive. Using a novel in vivo double-stranded RNA (dsRNA) labeling system,
we showed that the dsRNAs generated by potato virus X (PVX) RNA-dependent RNA
polymerase (RdRp) are colocalized with viral RdRp, which are further tightly covered
by “chain mail”-like TGBp2 aggregates and localizes alongside TGBp3 aggregates. We
also discovered that TGBp2 interacts with the C-terminal domain of PVX RdRp, and
this interaction is required for the localization of TGBp3 and itself to the RdRp/
dsRNA bodies. Moreover, we reveal that the central and C-terminal hydrophilic do-
mains of TGBp2 are required to interact with viral RdRp. Finally, we demonstrate
that knockout of the entire TGBp2 or the domain involved in interacting with viral
RdRp attenuates both PVX replication and movement. Collectively, these findings
suggest that TGBp2 plays dual functional roles in PVX replication and intercellular
movement.

IMPORTANCE Many plant viruses contain three partially overlapping open reading
frames (ORFs), termed the triple gene block (TGB), for intercellular movement. How-
ever, how the corresponding three proteins coordinate their functions remains ob-
scure. In the present study, we provided multiple lines of evidence supporting the
notion that PVX TGBp2 functions as the molecular adaptor bridging the interaction
between the RdRp/dsRNA body and TGBp3 by forming “chain mail”-like structures in
the RdRp/dsRNA body, which can also enhance viral replication. Taken together, our
results provide new insights into the replication and movement of PVX and possibly
also other TGB-containing plant viruses.
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Viruses must transport their genomes from the cell in which infection is initiated to
adjacent cells to continue infection. Unlike their animal counterparts that enter

neighboring cells via endocytosis (1), plant viruses move through the narrow channels
in the plant cell membrane, termed plasmodesmata (PD) (2). The transport of viruses
through PD is usually accomplished by one or more virus-encoded proteins named
movement proteins (MPs). A group of positive-strand RNA plant viruses requires three
viral MPs that are encoded by three partially overlapping open reading frames (ORFs),
termed the triple gene block (TGB). The TGB is an evolutionarily conserved genetic
module that was found in nine genera within the families Alphaflexiviridae, Betaflexi-
viridae, and Virgaviridae and the unassigned genus Benyvirus (3, 4). TGB-encoded
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proteins, which are referred to as TGBp1, TGBp2, and TGBp3 according to the positions
of their genes, are usually not absolutely required for viral genome replication, but they
are crucial for the cell-to-cell and long-distance movement of the viruses (3, 4).
However, how these three viral proteins coordinately accomplish virus intercellular
movement requires further investigations.

Potato virus X (PVX) is type species in the genus Potexvirus within the family
Alphaflexiviridae. The genome of PVX consists of a single-stranded, positive-sense RNA
that encodes five open reading frames (ORFs). The largest ORF at the 5= terminus of the
genome (ORF1) encodes the viral RNA-dependent RNA polymerase (RdRp), which is the
only viral protein that is absolutely required for viral replication (5, 6). ORF2 to -4
comprise the TGB module encoding the 25-kDa TGBp1, 12-kDa TGBp2, and 8-kDa
TGBp3, respectively. ORF5 encodes the viral coat protein (CP) that is involved in viral
movement and viral genome RNA encapsidation (7). TGBp1 can modify the PD size
exclusion limit and move between cells (8–10). However, TGBp1 cannot target PD
efficiently without the presence of TGBp2 and TGBp3 (4, 11–13). Additionally, TGBp1
also functions as an RNA helicase, a translational activator, and an RNA silencing
suppressor (14–18). TGBp2 and TGBp3 are transmembrane proteins that localize to
different subdomains of the endoplasmic reticulum (ER) and can induce ER-derived
motile granules (19–21). TGBp2 contains two transmembrane motifs that adopt a
“U”-shaped topology with both the N- and C termini in the cytosol (20, 22), whereas
TGBp3 contains a single transmembrane domain with the N terminus in the ER lumen
and C terminus exposed to the cytosol (19). PVX TGBp3 interacts with both TGBp1 and
TGBp2 and can target both TGBp1 and TGBp2 from the cytosol to the peripheral area
(11–13). However, the precise role of TGBp2 in PVX intercellular movement is poorly
understood.

During infection, PVX can form large amorphous complexes in the perinuclear area,
which are historically termed X-bodies. The X-bodies contain all five viral proteins, viral
RNA, host factors, and host endomembrane and proteins (6, 23–25). Confocal, three-
dimensional structured illumination (3D-SIM) superresolution microscopy and immune
electron microscopy have shown that the X-body has a special layered structure, with
TGBp1 at the most inner region as helically arranged aggregates and TGBp2/3 granules
localized on the surface of TGBp1 aggregates; in contrast, encapsidated virions accu-
mulate at the outermost face of the X-body (6, 20, 23, 26, 27). It has been proposed that
viral RNA replication take places in the layer between TGBp1 aggregates and TGBp2/3
granules since abundant nonencapsidated viral RNAs have been observed in this area
(6). Moreover, PVX also induces cap-like complexes at the entrances of PD that have a
composition and structure similar to those of perinuclear X-bodies (11). These small
X-body-like complexes at the entrances of PD are crucial for successful and efficient
intercellular movement (11). These observations suggest that the amorphous bodies
formed by PVX are complex virus-manufacturing factories per se that couple viral
protein translation, RNA replication, particle encapsidation, and intercellular movement
(6, 11). However, the precise replication sites within the amorphous bodies remain
obscure.

Recently, we developed an in vivo double-stranded RNA (dsRNA) visualization
system termed the dsRNA binding-dependent fluorescence complementation (dRBFC)
assay (28). This system has already been utilized by our and other groups to determine
the subcellular localizations of dsRNAs generated by plant viruses in several genera,
including Potexvirus, Potyvirus, Hordeivirus, and Tombusvirus (28–30). The dsRNA is a
replication intermediate of all RNA viruses (31). Thus, understanding the precise local-
ization of the dsRNA and its relationship with other viral proteins could shed light on
several basal virological questions, e.g., the precise structure of the viral replication site
and how to efficiently couple viral replication and intercellular movement, and even
uncover unsuspected roles of viral proteins. In the present study, we analyzed the
dsRNA generated by PVX and its spatial localization with viral proteins, e.g., RdRp,
TGBp2, and TGBp3, in living Nicotiana benthamiana cells. Our results revealed that
TGBp2 colocalizes with dsRNA in the X-body via directly interacting with viral RdRp, and
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the recruitment of TGBp3 to the X-body is dependent on TGBp2. Finally, we found that
TGBp2 can promote PVX replication. These results reveal an unexpected role of TGBp2
in PVX replication and intracellular trafficking of TGBp3 protein.

RESULTS
dsRNA colocalizes with viral RNA-dependent RNA polymerase in the X-body.

Abundant dsRNAs can be detected in PVX infected Nicotiana benthamiana epidermal
cells either via the dRBFC assay or via transgenically expressed B2 protein, a dsRNA-
binding protein encoded by Flock House virus (HFV) (28, 32). To further characterize
these dsRNAs, a time course analysis was performed during PVX infection. Nicotiana
benthamiana leaves were infiltrated with a modified PVX infectious clone, pGR.mCh, in
which the CP was N-terminally fused to mCherry and a partial autoproteolytic 2A
peptide (mCherry-2A-CP) (27), together with yellow fluorescent protein (YFP)-based
dRBFC plasmids (28). The coinfiltrated leaf tissues were monitored by confocal micros-
copy from 36 to 72 h postinfiltration (hpi) at an interval of 12 h. Cells infected with
pGR.mCh showed bright red fluorescence in the cytosol and in large perinuclear bodies
(Fig. 1A). The red fluorescence in the cytosol was likely derived from free mCherry,
whereas that in the large perinuclear bodies was mostly derived from the chimeric
mCherry-2A-CP protein (27). The dsRNAs were found as small granules in the early
infection stage (36 hpi) in the cytosol and in the nucleus. The cytoplasmic granules
gradually gathered into large perinuclear irregularly shaped aggregates in the large
perinuclear bodies during the late infection stage (Fig. 1A), suggesting that most
cytoplasmic dsRNAs should be generated by PVX.

To further characterize the origination of these dsRNAs, we analyzed the colocal-
ization between these dsRNAs and PVX RdRp during PVX infection. Due to repeated
failures of the direct fusion of a fluorescent protein to the RdRp of a wild-type PVX
infectious clone pGR107 (33), we alternatively directly inserted the expression cassette
of pEarley101 (34) into the unique SfoI restriction site between the NOS terminator and
the transfer DNA (T-DNA) left border in pGR107 to construct pGR107/Gateway-YFP. The
DNA fragment encoding PVX RdRp was then inserted into the Gateway cassette to
construct pGR107/RdRp-YFP. This plasmid allows the expression of a second copy of
C-terminal YFP-tagged RdRp in the cell infected by PVX. This plasmid was then
delivered into N. benthamiana leaves via agrobacterium infiltration alone or together
with a set of monomer red fluorescent protein (mRFP)-based dRBFC assay plasmids,
e.g., pdRBFC-B2-CmRFP and pdRBFC-NS1-NmRFP. As a control, RdRp-YFP was also
transiently expressed from a binary vector under the control of the cauliflower mosaic
virus (CaMV) 35S promoter. In the absence of PVX infection, YFP fluorescence from
RdRp-YFP was observed only in the nucleus (Fig. 1B). However, most RdRp was retained
in the cytoplasm as perinuclear irregular aggregates or peripheric foci in PVX-infected
cells (Fig. 1C and D), suggesting that cytoplasmic localization of PVX RdRp requires the
presence of viral genome RNA or viral replication. Interestingly, the fluorescence from
RdRp-YFP at the perinuclear area or in the cytosol completely overlapped the aggre-
gation of dsRNA in the perinuclear area or in the cytosol (Fig. 1DI to DVI). These results
thus confirmed that the large perinuclear and cytoplasmic dsRNAs were viral replication
intermediates generated by viral RdRp, and they are referred to as RdRp/dsRNA bodies
here.

Hierarchical arrangement of dsRNA, TGBp2, and TGBp3 in the PVX X-body.
Previous studies have suggested that PVX replication might take place in the middle
layer of the X-body, which contains abundant nonencapsidated vRNA, viral RdRp, and
both TGBp2 and TGBp3 granules (6, 20, 26, 27, 35). Thus, we were interested in
visualizing the relationship between the RdRp/dsRNA bodies and TGBp2 or TGBp3 in
the X-body. To avoid disrupting the overlapping TGB ORFs in the PVX genome, an
additional copy of fluorescent protein-tagged TGBp2 or TGBp3 was expressed using the
strategy described above. TGBp2 was coexpressed as N-terminally YFP-tagged recom-
binant protein since a previous study has suggested that attaching an additional
protein to the C terminus of TGBp2 might affect its function (6). pGR107/YFP-TGBp2

Dual Roles of PVX TGBp2 in Replication and Movement Journal of Virology

March 2019 Volume 93 Issue 5 e01635-18 jvi.asm.org 3

https://jvi.asm.org


FIG 1 In vivo visualization of dsRNA and RdRp in PVX infected N. benthamiana epidermal cells. (A)
Visualization of the dsRNA during PVX infection at 36 (I), 48 (II), and 60 (III) hpi. The fluorescence from the
dRBFC assay is shown in green, whereas the fluorescence from pGR.mCh is shown in red. The nucleus is
indicated by a white asterisk and the peripheral dsRNA fluorescent foci are indicated by white arrow-
heads. Scale bar � 50 �m (I and II) or 10 �m (III). Note that the dRBFC signal in the nucleus represents
endogenous d-bodies (28). (B and C) Subcellular localization of transiently expressed RdRp-YFP (green)
in N. benthamiana epidermal cells in the absence of (B) or during (C) PVX infection at 48 hpi. The
RdRp-YFP in panel C was expressed from pGR107/RdRp-YFP to ensure infection of PVX in the same cell.
The cytoplasmic green fluorescent foci from RdRp-YFP are indicated by white arrowheads. The nuclei
were labeled by a nuclear localization signal peptide (NLS)-tagged mRFP (Nul-mRFP). Scale bars � 50 �m.
(D) Subcellular localization of perinuclear (I to III) or cytoplasmic (IV to VI) RdRp and dsRNA during PVX
infection at 60 hpi; the RdRp-YFP (green) was expressed from pGR107/RdRp-YFP, and dsRNAs (red) were
labeled by mRFP-based dRBFC plasmids. The nucleus is indicated by a white dashed line. All scale bars �
10 �m.
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was coinfiltrated with mRFP-based dRBFC plasmids into N. benthamiana leaves. As a
control, mRFP-TGBp2 was transiently expressed with dRBFC in the absence of virus
infection. Consistent with previous reports (20, 21, 36), the majority of TGBp2 was
accumulated as irregularly shaped perinuclear aggregations, with a small portion in the
cytosol as small granules (Fig. 2AI). Interestingly, the TGBp2 aggregates were largely
colocalized with RdRp/dsRNA bodies at low magnification (Fig. 2AI to AIII). Detailed
inspection under a higher magnification showed that TGBp2 colocalized with RdRp/
dsRNA bodies as a chain mail-like structure (Fig. 2AIV to AVI). Moreover, the small
RdRp/dsRNA bodies at the cell periphery were also associated with TGBp2 (Fig. 2AVII to
AIX). To further verify these results, we labeled the dsRNAs using the dsRNA-specific J2
antibody in N. benthamiana protoplasts transformed with pGR107 and mRFP-TGBp2.
The results showed that mRFP-TGBp2 was also spread around the dsRNA aggregates
(Fig. 2B). A previous study has shown that the TGBp2 of bamboo mosaic virus (BaMV),
a potexvirus, shows nonspecific RNA binding activity (37). Therefore, it is possible that
PVX TGBp2 also has nonspecific RNA binding activity that is involved in the localization
of TGBp2 to the dsRNA generated by PVX RdRp. Thus, we transiently expressed
N-terminally mRFP-tagged TGBp2 (mRFP-TGBp2) together with YFP-based dRBFC plas-
mids (28) in N. benthamiana epidermal cells. A nonfluorescent construct expressing
Arabidopsis SGS3 (FLAG-4�Myc-AtSGS3) was also included to enhance the fluorescence
of endogenous dsRNA bodies (28). The result showed that the transiently expressed
TGBp2 granules were not colocalized with the endogenous dsRNA bodies (Fig. 2C),
such as SGS3-RDR6 bodies (28), suggesting that the nonspecific RNA binding activity of
PVX TGBp2, if any, was not sufficient to target itself to the endogenous dsRNA bodies.

The relationship between TGBp3 and RdRp/dsRNA bodies during PVX infection was
also analyzed using the same strategy. A PVX infectious clone expressing an additional
C-terminally YFP-tagged TGBp3 (pGR107/TGBp3-YFP) was constructed and coinfiltrated
with mRFP-based dRBFC plasmids into N. benthamiana leaves. In N. benthamiana
epidermal cells infected with PVX, TGBp3-YFP clustered as aggregates with various size
in the cytosol or at the cell periphery (Fig. 3AI). Interestingly, most TGBp3 aggregates
were also associated with the RdRp/dsRNA bodies (Fig. 3AII and AIII). Detailed inspec-
tion showed that TGBp3-YFP, in contrast, condensed as isolated patches or clusters that
closely neighbored the RdRp/dsRNA bodies (Fig. 3AIV to AVI). In the most recently
infected cells, the small TGBp3-induced granules also localized alongside the small
RdRp/dsRNA bodies (Fig. 3AVII to AIX). We also transiently expressed TGBp3-mRFP with
mRFP-based dRBFC plasmids to analyze the colocalization of TGBp3 and dsRNA in the
absence of PVX infection. Nontagged TGBp3 was also expressed to avoid the possible
influence of mRFP on TGBp3 subcellular localization (11). The results showed that the
transiently expressed TGBp3-mRFP did not display a distribution similar to that for
endogenous dsRNA bodies in the absence of PVX infection (Fig. 3B).

We also coexpressed pGR107/YFP-TGBp2, and -TGBp3-CFP,and mRFP-based dRBFC
plasmids to simultaneously label TGBp2, TGBp3, and the RdRp/dsRNA body in N.
benthamiana epidermal cells during PVX infection. Consistent with previous reports (6,
12, 38), TGBp3 did not overlap with TGBp2, although they were colocalized in the same
complex (Fig. 3C). Similarly, TGBp2 colocated with the RdRp/dsRNA body, whereas
TGBp3 adjacent to the TGBp2-covered RdRp/dsRNA bodies localized as isolated patches
or clusters (Fig. 3C).

Recruitment of TGBp2 to the PVX X-body occurs independently of TGBp1 and
TGBp3. As TGBp2 can not localize to endogenous dsRNA bodies in the absence of viral
replication, we suspected that TGBp2 might require another interacting viral protein(s),
such as TGBp1 or TGBp3 (12, 13, 39, 40). Therefore, we deleted the TGBp3 in pGR107/
YFP-TGBp2 by mutating residues 25 (Ser) and 26 (Leu) of TGBp3 into stop codons to
construct a TGBp3 deletion PVX infectious clone, pGR107-ΔTGBp3/YFP-TGBp2. Infec-
tivity analysis showed that this infectious clone failed to cause any symptoms, even at
30 days postinoculation (dpi), suggesting that TGBp3 was completely knocked out. We
then coinfiltrated N. benthamiana leaves with pGR107-ΔTGBp3/YFP-TGBp2 and mRFP-
based dRBFC assay vectors. Confocal microscopy showed that TGBp2 could still accu-
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FIG 2 Subcellular localization of TGBp2 and dsRNA during PVX infection. (A) Confocal micrographs of
YFP-TGBp2 (green) and dsRNA (red) during PVX infection in N. benthamiana epidermal cells at 48 hpi at
lower (I to III) and higher (IV to IX) magnifications. YFP-TGBp2 was expressed from pGR107/YFP-TGBp2
and dsRNA was labeled using the mRFP-based dRBFC assay. The white arrowheads in frame I indicates
the TGBp2-induced small granules. The nuclei are indicated by white dashed lines. The inset in frame VI
is an enlargement of the dashed area to show the typical chain mail-like structure of TGBp2 on dsRNA.
Scale bar � 50 �m (I to III) or � 10 �m (IV to IX). (B) Subcellular localization of dsRNA (green) and
mRFP-TGBp2 (red) in a typical globular-like X-body in the N. benthamiana protoplast. The dsRNA was
detected using J2 monoclonal antibodies. Scale bar � 10 �m. (C) Subcellular localization of dsRNA
(green) and mRFP-TGBp2 (red) in the absence of PVX infection. Scale bar � 50 �m.
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mulate in the RdRp/dsRNA body (Fig. 4A), suggesting that the localization of TGBp2 to
the RdRp/dsRNA bodies occurs independently of TGBp3. A previous study has also
suggested that TGBp1 is the central orchestrator of the X-body, which is necessary and
sufficient to remodel host actin and endomembranes to form the typical perinuclear

FIG 3 Subcellular localization of TGBp3 and dsRNA in PVX infected N. benthamiana cells. (A) Confocal
micrographs of dsRNA (red) and TGBp3-YFP (green) in N. benthamiana leaf tissue during PVX infection
at 48 hpi. TGBp3-YFP was expressed from pGR107/TGBp3-YFP, and the dsRNA was labeled using the
mRFP-based dRBFC assay. The white arrowheads indicate TGBp3 foci at the cell periphery. Scale bar �
50 �m (I to III) or 10 �m (IV to IX). (B) TGBp3-mRFP is not associated with dsRNA in the absence of PVX
infection. Scale bar � 10 �m. (C) Confocal micrographs of TGBp3-CFP (cyan), YFP-TGBp2 (green), and
dsRNA (red) in N. benthamiana epidermal cells during PVX infection at 48 hpi. YFP-TGBp2 was expressed
from pGR107/YFP-TGBp2. Scar bar � 10 �m.
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FIG 4 Recruitment of TGBp2 to dsRNA occurs independently of TGBp1 and TGBp3. (A and B) Confocal
micrographs of YFP-TGBp2 (green) and dsRNA (red) in N. benthamiana epidermal cells during infection
by pGR107-ΔTGBp3/YFP-TGBp2 (A) or pGR107-ΔTGBp1p3/YFP-TGBp2 (B) at 48 hpi. The dsRNAs were
labeled using the mRFP-based dRBFC assay. Scar bar � 10 �m. (C) Subcellular localization of TGBp3-YFP
and dsRNA in N. benthamiana cells infected with a TGBp2-defective PVX infectious clone (pGR107-
ΔTGBp2/TGBp3-YFP) at 48 hpi. Scar bar � 50 �m (I to III) or � 10 �m (IV to VI). A differential interference
contrast (DIC) channel was included in the overlap micrograph to illustrate the outline of the cell. (D)
Percentage of RdRp/dsRNA bodies associated with TGBp3 in N. benthamiana epidermal cells infected
with pGR107/TGBp3-YFP or pGR107-ΔTGBp2/TGBp3-YFP.
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X-body (6). Therefore, a TGBp1 and TGBp3 double-knockout PVX infectious clone,
pGR107-ΔTGBp1p3/YFP-TGBp2, was constructed by mutating amino acids (aa) 6 (Ser)
and 7 (Ser) of TGBp1 in pGR107-ΔTGBp3/YFP-TGBp2 into stop codons. This infectious
clone was coinfiltrated with suitable dRBFC plasmids on N. benthamiana leaves. Inter-
estingly, TGBp2 could still efficiently localize to the RdRp/dsRNA body in the cells
infected by wild-type and TGBp3 knockout PVX (Fig. 4B). Taken together, these results
suggest that the accumulation of TGBp2 in the dsRNA bodies occurs independently of
both TGBp1 and TGBp3.

To further analyze the role of TGBp2, a TGBp2 knockout PVX infectious clone
coexpressing TGBp3-YFP (pGR107-ΔTGBp2/TGBp3-YFP) was constructed by mutating
amino acids 10 (Ala) and 11 (Pro) of TGBp2 into stop codons. Interestingly, compared
with the subcellular localization of TGBp3 during wild-type PVX infection (Fig. 3A), the
subcellular of TGBp3 during pGR107-ΔTGBp2 infection was more diffusive, resembling
the transient expression alone under the control of the CaMV 35S promoter (Fig. 3B and
4C). Moreover, we could hardly find TGBp3 granules associated with the RdRp/dsRNA
bodies in the N. benthamiana epidermal cells infected with pGR107-ΔTGBp2 (Fig. 4CI to
CIII). Very occasionally, TGBp3 granules could be found neighboring RdRp/dsRNA
bodies; however, a clear distance was observed between the RdRp/dsRNA body and
TGBp3 granule (Fig. 4CIV to CVI), suggesting that they are encountered incidentally due
to cytoplasmic streaming. We directly compared the numbers of RdRp/dsRNA bodies
associated with TGBp3 granules in N. benthamiana epidermal cells infected with the
wild-type and TGBp2 knockout PVX infectious clones. The results showed that almost
all (98% [n � 96]) RdRp/dsRNA bodies in pGR107/TGBp3-YFP-infected N. benthamiana
epidermal cells were associated with TGBp3 granules, whereas less than 10% (n � 116)
of the RdRp/dsRNA bodies in pGR107-ΔTGBp2/TGBp3-YFP-infected N. benthamiana
epidermal cells were associated with TGBp3 granules (Fig. 4D). Taken together, these
data suggest that the recruitment of TGBp3 into the X-body is dependent on TGBp2.

TGBp2 directly interacts with the replicase domain of viral RdRp. We suspected
that TGBp2 might directly interact with viral RdRp. To confirm this hypothesis, the
bimolecular fluorescence complementation assay (BiFC) was applied (41). However, no
yellow fluorescence could be detected in the N. benthamiana epidermal cells coinfil-
trated with the N-terminal part of YFP (YN)-tagged TGBp2 (YN-TGBp2) and the
C-terminal half of YFP (YC)-tagged full-length RdRp (YC-RdRp) or the reverse (YC-TGBp2
and YN-RdRp) under confocal microscopy. This finding could be due to the nuclear
localization of transiently expressed RdRp and the cytoplasmic localization of TGBp2
(Fig. 1B and 2C). As an alternative, we divided RdRp into four functional domains: the
N-terminal aa 1 to 340 as the methyltransferase domain (MET), aa 341 to 730 as the
unstructured loop domain (UNL), aa 731 to 964 as the helicase domain (HEL), and
the C-terminal aa 965 to 1421 as the replicase domain (REP) (Fig. 5A). First, we analyzed
the subcellular localization of each domain based on the C-terminally YFP-tagged
recombinant protein. The results showed that MET was mainly present as cytoplasmic
granules, UNL localized mainly in the nucleus, HEL was mainly present as amorphous
aggregates in the cytoplasm, and REP localized both in the cytoplasm and in the
nucleus (Fig. 5B). These data suggested that the nuclear localization of RdRp is mainly
determined by the UNL domain, whereas the MET and HEL domains have motifs for
multimerization. These four domains were then fused to YC and coinfiltrated with
YN-TGBp2 into N. benthamiana leaves. The results showed that the mild YFP fluores-
cence was successfully restored in the N. benthamiana epidermal cells expressing
REP-YC and YN-TGBp2, whereas no yellow fluorescence was observed in the N. ben-
thamiana epidermal cells expressing YN-TGBp2 and MET-YC, UNL-YC, or HEL-YC under
the same conditions (Fig. 5C). Moreover, the YFP signal from REP-YC and YN-TGBp2 was
detected exclusively in the cytoplasm, suggesting that TGBp2 might interact only with
the cytoplasmic portion of REP (Fig. 5C). To further narrow down the interacting region,
the REP domain was divided into two subdomains, the N-terminal REP (RepN) and
C-terminal REP (RepC). Subcellular localization analyses showed that RepN was diffu-
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FIG 5 TGBp2 interacts with PVX RdRp. (A) Schematic representations of the PVX RdRp domains. MET, methyltrans-
ferase domain; UNL, unstructured loop domain; HEL, helicase domain; REP, replicase domain; RepN, N terminus of
the REP domain; RepC, C terminus of the REP domain. The numbers represent the amino acid positions of the
domain boundaries. (B) Subcellular localization of MET-YFP, UNL-YFP, HEL-YFP, and REP-YFP in N. benthamiana
epidermal cells at 48 hpi. The insets show the typical cytoplasmic granules of MET-YFP and HEL-YFP, as well as the
nuclear signal of UNL-YFP and REP-YFP. (C) BiFC for protein-protein interactions between TGBp2 and RdRp domains
in N. benthamiana epidermal cells at 48 hpi. Micrographs were obtained using the same settings. Scale bars �
50 �m. (D) Subcellular localization of RepN-YFP and RepC-YFP in N. benthamiana epidermal cells at 48 hpi. The
insets show the typical nuclear signal of RepN-YFP and cytoplasmic vesicles of RepC-YFP. The nuclei are indicated
by white asterisks, and the typical vesicle-like structures are indicated by white arrowheads. Scale bars � 50 �m.
(E) BiFC for protein-protein interactions between TGBp2 and RepN or RepC. Micrographs were obtained using the
same parameters. Scale bars � 50 �m. (F) MYTH for protein-protein interaction between TGBp2 and RdRp domains.
(G) Influence of TGBp2 on the subcellular localization of RdRp and REP domain in N. benthamiana epidermal cells
at 48 dpi. RdRp-YFP and REP-YFP are shown in green, and mRFP-TGBp2 is shown in red. Scale bars � 50 �m.
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sively distributed both in the nucleus and cytoplasm, whereas the RepC domain was
exclusively distributed in the cytoplasm and induced vesicle-like structures (Fig. 5D).
These results suggested the presence of a transmembrane or membrane-associated
motif in RepC and that the attachment of RepN would result in a loss of function of the
transmembrane or membrane-associated motif in RepC. BiFC showed that RepN, but
not RepC, could restore the YFP fluorescence, suggesting that TGBp2 interacted with a
166-aa peptide (aa 965 to 1131) in the REP domain (Fig. 5E). Consistently, the interac-
tion between TGBp2 and RepN was observed exclusively in the cytoplasm (Fig. 5E).

To further confirm this possibility, the split-ubiquitin-based membrane yeast
two-hybrid assay (MYTH) was also performed (42, 43). Yeast strain NMY51 was
transformed with N-terminally LexA-VP16-Cub-tagged TGBp2 (LexA-VP16-Cub-
TGBp2) plus C-terminally NubG-tagged MET (MET-NubG), UNL (UNL-NubG), HEL
(HEL-NubG), RepN (RepN-NubG), or RepC (RepC-NubG). When TGBp2 was coex-
pressed with each of the five PVX RdRp fragments, we found that histidine
auxotrophy was restored only when TGBp2 was cotransformed with RepN and not
with HEL, UNL, MET, or RepC (Fig. 5F), further confirming that TGBp2 can interact
with viral RdRp via RepN. To test whether the interaction between TGBp2 and RdRp
changes the subcellular localization of the RdRp or REP domain, we transiently
expressed mRFP-TGBp2 and RdRp-YFP or REP-YFP in N. benthamiana leaves. The
confocal microscopy results showed that TGBp2 had no obvious influence on the
subcellular localization of RdRp-YFP or REP-YFP (Fig. 5G). Taken together, these data
suggest either that TGBp2 can interact only with the cytoplasmic portion of RdRp
or that the TGBp2-RdRp interaction is not sufficient to retain RdRp in the cytoplasm
in the absence of virus replication.

Both the central and C-terminal hydrophilic domains of TGBp2 are required for
interactions with viral RdRp. Potexviral TGBp2 contains two transmembrane motifs
that separate it into three hydrophilic domains, the N-terminal domain (ND), middle
domain (MD), and C-terminal domain (CD) (21, 22). To identify the motif responsible for
the interaction with RdRp, a series of TGBp2 mutants were constructed (Fig. 6A).
TGBp2ΔND and TGBp2ΔCD are ND and CD complete-deletion TGBp2 mutants, respec-
tively, whereas TGBp2Δ6-11 and TGBp2Δ104-112 are ND and CD partial-deletion mutants,
respectively. TGBp2Δ52-60 contains a 9-aa deletion in the MD domain. These TGBp2
mutants were transiently coexpressed with RepN-YC as N-terminally YN-tagged recom-
binant proteins in N. benthamiana epidermal cells. Confocal microscopy results showed
that yellow fluorescence was visible in N. benthamiana epidermal cells expressing RepN
and TGBp2Δ6-11, TGBp2ΔND, or TGBp2Δ104-112 but not in cells expressing RepN plus
TGBp2ΔCD or TGBp2Δ52-60 (Fig. 6B), indicating that MD and CD are required for the
interaction with RdRp. Noticeably, the fluorescence in N. benthamiana epidermal cells
expressing TGBp2Δ104-112 and RepN was significantly lower than in those expressing
wild-type TGBp2 and RepN, suggesting that the residues between aa 104 and 112 were
partially required for the interaction with RepN. MYTH results showed that yeast
transformants harboring RepN-NubG plus LexA-VP16-Cub-TGBp2ΔCD or LexA-VP16-
Cub-TGBp2Δ52-60 failed to grow on synthetic defined (SD) medium lacking histidine,
leucine, tryptophan, and adenine (SD-LWHA medium) (Fig. 6C). The yeast transformants
harboring RepN-NubG and LexA-VP16-Cub-TGBp2Δ104-112 also failed to grow on SD-
LWHA medium. Taken together, these results suggest that both the MD and CD are
required for the interaction with PVX RdRp.

To further confirm these results, we analyzed the subcellular localization of
TGBp2ΔND, TGBp2Δ52-60, and TGBp2ΔCD in N. benthamiana epidermal cells as N-terminally
YFP-tagged recombinant proteins. In the absence of PVX replication, YFP-TGBp2Δ52-60

was present as diffuse fluorescence or hollow vesicles in the cytoplasm, whereas
YFP-TGBp2ΔND and YFP-TGBp2ΔCD exhibited morphologies very similar to that of
YFP-TGBp2 (Fig. 2C and 6D). We also constructed PVX infectious clones in which the ND
(aa 1 to 13), aa 52 to 60, or CD (aa 101 to 115) of TGBp2 was deleted and which
coexpressing an N-terminally YFP-tagged TGBp2ΔND, TGBp2Δ52-60, or TGBp2ΔCD, respec-
tively (pGR107-TGBp214-115/YFP-TGBp2ΔND, pGR107-TGBp2Δ52-60/YFP-TGBp2Δ52-60, and
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pGR107-TGBp21-100/YFP-TGBp2ΔCD) to analyze the subcellular localization of TGBp2
mutants in the context of PVX infection. During PVX infection, most YFP-TGBp2 proteins
were clustered on the RdRp/dsRNA bodies in perinuclear areas as irregularly shaped
aggregates in N. benthamiana epidermal cells (Fig. 6EI to EIII). YFP-TGBp2ΔND displayed
subcellular localization similar to that of YFP-TGBp2 in N. benthamiana epidermal cells
infected by pGR107-TGBp214-115/YFP-TGBp2ΔND (Fig. 6EIV to EVI). Interestingly, the
yellow fluorescence of YFP-TGBp2Δ52-60 or YFP-TGBp2ΔCD was observed as diffuse
fluorescence in the cytosol of the N. benthamiana epidermal cells infected by pGR107-
TGBp2Δ52-60/YFP-TGBp2Δ52-60 or pGR107-TGBp21-100/-TGBp2ΔCD (Fig. 6EVII to EXII). Nev-
ertheless, a small part of YFP-TGBp2ΔCD still gathered on the RdRp/dsRNA bodies in the
perinuclear areas (Fig. 6EX to EXII), whereas YFP-TGBp2Δ52-60 was scarcely found
colocalizing on RdRp/dsRNA bodies (Fig. 6EVII to EIX). Taken together, these results

FIG 6 The central and C-terminal hydrophilic domains of TGBp2 are required for interactions with viral RdRp. (A) Illustration of TGBp2 mutants.
The two transmembrane motifs (TM1 and TM2) are shown in black. (B) BiFC for protein-protein interactions between RepN and TGBp2 mutants
in N. benthamiana epidermal cells at 48 hpi. Micrographs were obtained using the same parameters. Scale bars � 50 �m. (C) MYTH for
protein-protein interactions between RepN and TGBp2 mutants. (D) Subcellular localization of TGBp2 mutants. The insets show the typical
morphology of ER-derived vesicles induced by TGBp2 or its mutants. Scare bar � 50 �m. (E) Subcellular localization of dsRNA and TGBp2 mutants
during PVX infection. The nuclei are indicated by white asterisks. Scale bar � 50 �m.
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suggested that the MD of TGBp2 has a more important role than the CD in targeting
TGBp2 itself to replication complexes, although both the MD and CD are required for
this process.

Deletion of the MD or CD affects both viral movement and replication. As
assisting viral movement is the principal role of TGBp2 (21), we suspected that the
interaction with PVX RdRp was required for PVX movement. Therefore, PVX infectious
clones in which the ND (aa 1 to 13), aa 52 to 60, or CD (aa 101 to 115) of TGBp2 was
deleted (pGR107-TGBp214-115, pGR107-TGBp2Δ52-60, and pGR107-TGBp21-100) were con-
structed and their infectivity was compared with that of wild-type PVX on N. bentha-
miana seedlings. All N. benthamiana seedlings (n � 8) infiltrated with wild-type PVX
(pGR107) developed typical viral symptoms on the upper leaves, e.g., leaf shrinking and
vein clearing, as early as 5 dpi. Interestingly, all N. benthamiana seedlings (n � 16) that
were infiltrated with pGR107-TGBp21-100 also developed symptoms of viral infection,
although the symptoms always appeared 1 to 2 days later than those of pGR107, and
most (11 out of 13) N. benthamiana seedlings infiltrated with pGR107-TGBp214-115 also
developed viral symptoms at �12 dpi. In contrast, none of the N. benthamiana seed-
lings infiltrated with pGR107-TGBp2Δ52-60 developed viral symptoms, even at 20 dpi.
Typical viral symptoms induced by wild-type PVX or these mutants on N. benthamiana
seedlings at 8 dpi are shown in Fig. 7A. Reverse transcription-PCR (RT-PCR) was performed
to confirm the presence of viral genomic RNA on systemic leaves at 10 dpi by amplifying
an �1,500-nucleotide (nt) fragment comprising the TGBp2 coding region. Intrigu-
ingly, an amplicon of approximately 1,500 nt was detected in the symptomatic
upper leaves of all N. benthamiana seedlings infiltrated with pGR107, pGR107-
TGBp214-115, or pGR107-TGBp21-100 and in about 40% of N. benthamiana seedlings
infiltrated with pGR107-TGBp2Δ52-60 (Fig. 7B). Moreover, the intensity of the
pGR107-TGBp2Δ52-60 amplicon was consistently lower than that of the others (Fig. 7B).
The amplified fragments were further confirmed by DNA sequencing. The results
showed that all the amplified fragments were the target segment in the PVX genome.
Intriguingly, the pGR107-TGBp2Δ52-60 and pGR107-TGBp2ΔCD progenies in all N. ben-
thamiana seedlings retained the introduced mutations in TGBp2, whereas all pGR107-
TGBp2ΔND progenies in the N. benthamiana systemic leaves with viral symptoms were
restored to mimic the wild type. We further performed a time course analysis to
determine the presence of virus in the systemic leaves by RT-PCR from 3 to 10 dpi.
The results showed that viral RNAs of the wild type, pGR107-TGBp2Δ52-60, and pGR107-
TGBp21-100 were detected at 4, 6, and 5 dpi at the earliest, respectively, whereas viral
RNA of pGR107-TGBp214-115 was detected up to 10 dpi. These results suggest that
pGR107-TGBp214-115 is completely defective in movement and pGR107-TGBp21-100 can
still accomplish virus movement with a reduced efficiency, whereas the movement of
pGR107-TGBp2Δ52-60 is remarkably attenuated.

As the intensities of the amplicons from N. benthamiana seedlings infiltrated with
pGR107-TGBp2Δ52-60 were significantly lower than those amplified from plants infil-
trated with pGR107, pGR107-TGBp214-115, or pGR107-TGBp21-100 (Fig. 7B), we suspected
that the attenuated movement of pGR107-TGBp2Δ52-60 might be due to reduced viral
replication. Therefore, quantitative RT-PCR (qRT-PCR) was performed to evaluate the
viral RNA levels of pGR107, pGR107-TGBp2Δ52-60, and pGR107-TGBp21-100 in the sys-
temic leaves. The results showed that the viral RNAs of pGR107-TGBp2Δ52-60 and
pGR107-TGBp21-100 were reduced by �75 and 15% compared with that of pGR107. To
confirm these results, N. benthamiana leaves were infiltrated with pGR107, pGR107-
TGBp214-115, pGR107-TGBp2Δ52-60, or pGR107-TGBp21-100 at exactly the same concen-
tration and the accumulation of viral genomic RNAs was evaluated 48 hpi. Consistently,
qRT-PCR results showed that the viral RNAs of pGR107-TGBp2Δ52-60 and pGR107-
TGBp21-100 were significantly lower than those of wild-type PVX at 48 hpi (Fig. 7C). In
contrast, there were no significant differences between the viral RNAs of the wild
type and pGR107-TGBp214-115 (Fig. 7C). Taken together, these results suggest that
deletion of the ND of TGBp2 specially affects viral movement and deletion of the
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entire CD of TGBp2 influences viral movement possibly by distracting viral replica-
tion, whereas deletion of the 9 aa in the MD of TGBp2 affect both viral replication
and movement.

TGBp2 is required for robust viral replication. To further confirm the involvement
of TGBp2 in PVX replication, we directly compared the replications of wild-type PVX and
the TGBp2 knockout mutant (pGR107-ΔTGBp2) using a leaf disc assay. The TGBp3
knockout PVX infectious clone (pGR107-ΔTGBp3) was also included as a movement-
defective PVX mutant. As a negative control, we also constructed a replication-defective
PVX infectious clone by mutating three key residues (Gly-Asp-Asp) in RdRp into alanine

FIG 7 TGBp2 affects PVX replication. (A) Phenotype of wild-type PVX and its mutants containing various deletions
in TGBp2 on N. benthamiana seedlings at 8 dpi. (B) RT-PCR detection of PVX genomic RNA on N. benthamiana
systemic leaves at 10 dpi. M, DL5000 DNA marker (Vazyme Biotech Co., Ltd., Nanjing, China); P, positive plasmid;
H, healthy N. benthamiana leaf; W, N. benthamiana leaf infected by wild-type PVX. (C) Quantitative RT-PCR analysis
of the genomic RNA of pGR107, pGR107-TGBp2ΔND, pGR107-TGBp2Δ52-60, and pGR107-TGBp2ΔCD in N. benthamiana
leaves at 48 hpi. The viral RNA level of wild-type PVX was normalized to 1. Bars represent SDs from three biological
repeats. *, **, and NS, respectively, indicate P values of �0.01, �0.001, and �0.1 compared with the amount of
wild-type PVX genomic RNA at the same time point by the Student t test. (D) Time course study of the replication
of pGR107, pGR107-ΔGDD, and TGBp2 or TGBp3 knockout PVX infectious clones in N. benthamiana leaves. Bars
represent the SEs from 5 biological repeats. (E) Accumulation of wild-type and TGBp2-mutated PVX in N.
benthamiana protoplasts at 24 and 48 h posttransformation (hpt) The viral genomic RNA level of the wild type at
24 hpt was normalized to 1. Bars represent the SDs from three biological repeats. *, **, and NS, respectively, indicate
P values of �0.01, �0.001, or �0.1 compared with amount of wild-type PVX genomic RNA at the same time point
by the Student t test, respectively. (F) Comparison of the fluorescence of wild-type, replication-defective (ΔGDD),
and TGBp2 or TGBp3 knockout PVX infectious clones in N. benthamiana leaves at 48 hpi. All micrographs were
obtained using the same parameters. The typical irregularly shaped X-bodies are indicated by white arrowheads;
the uninfected cell in image III is indicated by an asterisk. Scale bars� 50 �m. (G) Replication of wild-type PVX
under the condition of overexpression of TGBp2. The viral genomic RNA level of wild-type at 36 hpt was normalized
to 1. Bars represent SDs from three biological repeats.
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(pGR107-ΔGDD) to indicate basal expression of the CaMV 35S promoter. These four PVX
infectious clones were allowed to infiltrate N. benthamiana leaves at exactly the same
concentration, and the accumulation of PVX genomic RNA was monitored from 36 to
72 h at 12-h intervals by qRT-PCR. At 36 hpi, a time point when Agrobacterium starts to
inject the T-DNA into the cell, there was no obvious viral replication in any infectious
clones compared with pGR107-ΔGDD (Fig. 7D). At 48 hpi, there was significantly more
genomic RNA of the wild type than of pGR107-ΔGDD (Fig. 7D), suggesting that viral
replication had occurred at this time point. The genomic RNA of pGR107-ΔTGBp3 was
compatible with that of pGR107 at 48 hpi (Fig. 7D), suggesting that the replication of
PVX was not affected by the deletion of TGBp3 and that there was no or very low, if any,
intercellular movement at this time point. Interestingly, the genomic RNA levels of
pGR107-ΔTGBp2 were only slightly higher than those of pGR107-ΔGDD at 48 hpi (Fig.
7D). During the late infection stage (60 and 72 hpi), the genomic RNAs of pGR107-
ΔTGBp3 consistently increased at an intensity less than that of wild-type PVX but
slightly decreased at 72 hpi. This result should be due to the smaller number of
infectious cells caused by the prohibited intercellular movement ability of pGR107-
ΔTGBp3, the gradual decrease in host resources for viral replication, and the enhanced
host antiviral responses in those primary infectious cells. However, the genomic RNA
levels of pGR107-ΔTGBp2 were consistently lower than those of pGR107 and pGR107-
ΔTGBp3 at both 60 and 72 hpi (Fig. 7D). We also performed a replication assay in N.
benthamiana protoplasts. The N. benthamiana protoplasts were transfected with
pGR107, pGR107-ΔTGBp2, pGR107-ΔTGBp3, or pGR107-ΔGDD, and the accumulation of
PVX genomic RNA was evaluated by qRT-PCR at 24 and 48 hpi. The results showed that
the genomic RNA of pGR107-ΔTGBp2 was significantly lower than that of pGR107 or
pGR107-ΔTGBp3 at both 24 and 48 hpi (Fig. 7E).

We also directly compared CP accumulation at a time point prior to vivid intercel-
lular movement, i.e., 48 hpi. PVX CP is translated from a subgenomic RNA that is
generated depending on viral replication, thus providing an opportunity to exclude the
basal expression of the CaMV 35S promoter of PVX genome RNA. Therefore, the
wild type, and TGBp2 or TGBp3 knockout and the replication-defective PVX infec-
tious clones coexpressing mCherry-2A-CP were constructed (pGR.mCh, pGR.mCh-
ΔTGBp2, pGR.mCh-ΔTGBp3, and pGR.mCh-ΔGDD, respectively). These PVX infectious
clones were used to infiltrate N. benthamiana leaves, and the fluorescence intensity of
mCherry on the infiltrated leaf area was monitored by confocal microscopy at 48 hpi.
No red fluorescence could be detected from the leaves infiltrated with the replication-
defective PVX infectious clone (pGR.mCh-ΔGDD) at 48 hpi (Fig. 7FI), further confirming
that expression of the mCherry-2A-CP chimeric protein was dependent on viral repli-
cation. Red fluorescence was observed from leaves infected by the other three PVX
infectious clones at 48 hpi (Fig. 7FII to FIV), consistent with previous results showing
that neither TGBp2 nor TGBp3 is essential for PVX replication per se (5, 6, 44). However,
in comparison to the bright red fluorescence from both pGR.mCh and pGR.mCh-
ΔTGBp3 (Fig. 7FII and FIII), only weak red fluorescence was detected from pGR.mCh-
ΔTGBp2 under the same conditions (Fig. 7FIV). We also tested whether overexpression
of TGBp2 could enhance the replication of PVX. The N. benthamiana seedlings were
infiltrated with pGR107, pGR107/YFP-TGBp2, or pGR107 plus YFP-TGBp2 at the same
concentration to overexpress an additional copy of N-terminally YFP-tagged TGBp2 in
cis and in trans. The accumulation of PVX genomic RNA was evaluated by qRT-PCR at
36 and 48 hpi. The results showed that there were no significant differences between
the viral RNAs of the wild type, pGR107/YFP-TGBp2, and pGR107�YFP-TGBp2 at 36 hpi
(Fig. 7G), suggesting that the viral loadings were equal between the three treatments.
Interestingly, the viral genomic RNA levels in the N. benthamiana leaves overexpressing
TGBp2 were significantly higher than in those infiltrated with pGR107 alone at 48 hpi
(Fig. 7G). Taken together, these data confirm that TGBp2 is required for robust PVX
replication.
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DISCUSSION

In this study, the dsRNA in PVX-infected N. benthamiana epidermal cells was
analyzed in detail using a novel in vivo dsRNA labeling system. We showed that the
dsRNA was present as motile foci in the cytoplasm at the early stage of infection, which
slowly clustered into large irregularly shaped aggregates in the perinuclear area
(Fig. 1A). Moreover, the dsRNAs labeled using the dRBFC assay in the X-body colocal-
ized with PVX RdRp (Fig. 1D). Since dsRNA is the intermediate for viral replication, these
results thus confirmed the previous suggestion that robust replication occurs in
X-bodies (6). The replication of many positive-stranded RNA viruses occurs in membra-
nous inclusion bodies, vesicles, multivesicular bodies, or spherules that are remodeled
from the plant cell endomembrane by viral protein(s) (45–48). RdRp is the only viral
protein that is absolutely required for PVX replication (3, 4); however, a transmembrane
domain or membrane-associated motif has not yet been revealed. In the present study,
we found that the RepC domain localized exclusively in the cytoplasm and induced
vesicle-like structures (Fig. 5D), indicating the presence of a transmembrane domain or
membrane-associated motif within the C-terminal part of the REP domain and thus
further confirming the previous suggestion that the replication of PVX also occurred in
the membranous inclusion bodies formed by RdRp (26). Intriguingly, the full-length
RdRp localized primarily to the nucleus when transiently expressed alone or together
with TGBp2 (Fig. 1B and Fig. 5G), whereas it relocated to the cytoplasm during PVX
infection (Fig. 1C). Moreover, different domains of RdRp displayed remarkably different
subcellular localizations (Fig. 5B and D). These data suggest that PVX RdRp undergoes
a sophisticated conformational conversion during PVX infection that results in its
retention in the cytoplasm for viral replication. Interestingly, we found that REP-YFP
localized in both the cytoplasm and nucleus, whereas RepC localized exclusively in the
cytoplasm and induced the formation of vesicle-like structures (Fig. 5B and D), sug-
gesting that the transmembrane or membrane-associated motif in the RepC domain
might be wrapped by RepN. It is well known that the replication of positive-strand RNA
viruses is usually coupled to translation of the replication protein (49–51). For instance,
the RdRp of tobacco mosaic virus (TMV) cotranslationally binds to the 5= untranslated
region of genomic RNA to ensure rapid viral replication (52). The same phenomenon
might also occur for PVX: as soon as it is translated, PVX RdRp immediately binds to the
specific RNA motif in the viral genomic RNA outside the RdRp coding region to also
result in exposure of the transmembrane domain or membrane-associated motif in the
RepC domain for its retention in the cytoplasm to initiate viral replication. In the
absence of PVX replication, the transmembrane domain or membrane-associated motif
within the RepC domain is enclosed by RepN, resulting in its transfer to the nucleus via
the strong nuclear localization signal in the UNL domain. However, further experiments
are needed to fully validate this hypothesis.

TGBp2 is a small membrane protein that forms an ER-derived chain mail-like
structure, as revealed by 3D-SIM superresolution microscopy (23). In this study, we
showed that TGBp2 localized with RdRp/dsRNA body as the chain mail-like structure
(Fig. 2A and B). Moreover, we found that TGBp2 directly interacted with the RepN
domain of RdRp (Fig. 5). Notably, we failed to detect an interaction between TGBp2 and
full-length RdRp by BiFC. As discussed above, a conformational conversion is needed to
expose of the transmembrane or membrane-associated motif in the RepC domain.
Thus, it is possible that RepN in the transiently expressed RdRp is inaccessible to TGBp2.
Alternatively, the interaction of the two proteins might need the viral genomic RNA.
BiFC and MYTH showed that the MD and CD are required for the interaction of TGBp2
with PVX RdRp (Fig. 6B and C). A TGBp2 mutant (TGBp2m2) that partially overlapped
with the deletion in TGBp2Δ52-60 changed the morphology of TGBp2 (36). We also
found deletion of aa 52 to 60 affects the cellular localization of TGBp2 (Fig. 6D). A PVX
infectious clone harboring TGBp2m2 is defective in intercellular movement (36); in
contrast, PVX containing TGBp2Δ52-60 can still accomplish viral movement with a very
low efficiency (Fig. 7A and B). The reason for this difference is unclear at present;
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however, our results do suggest that the correct tertiary structure is essential for TGBp2
to interact with PVX RdRp. We are now trying to analyze the intercellular movement
and long-distance movement of a PVX mutant harboring TGBp2Δ52-60. Our results also
showed that the CD, but not the ND, was indispensable for the interaction with PVX
RdRp. Intriguingly, deletion of the CD had very little, if any, influence on the cellular
localization of TGBp2 (Fig. 6D). A topology study revealed both the ND and CD in the
cytosol, whereas the MD was in the ER lumen (22). Thus, the MD impairs the interaction
between TGBp2 and RdRp by influencing TGBp2 cellular localization, whereas the CD
might directly interact with the RepN domain of RdRp. However, it is also possible that
deletion of the CD affected the nonspecific RNA binding activity of PVX TGBp2, as a
previous study based on BaMV TGBp2 showed that both the ND and CD may be
involved in TGBp2 RNA binding (37). Interestingly, a PVX infectious clone harboring a
mutant TGBp2 lacking the entire N-terminal domain was defective in movement but
had a replication efficiency similar to that of wild-type PVX, whereas PVX infectious
clones harboring a mutant TGBp2 lacking the 9 aa in the MD or the entire CD were
attenuated in both movement and replication (Fig. 7A to C). These data suggest that
the ND domain is primarily involved in viral movement, whereas the MD and CD, which
are involved in interaction with PVX RdRp, are required for robust replication. Moreover,
the replication of a TGBp2 deletion PVX infectious clone was greatly attenuated
compared with that of wild-type PVX (Fig. 7D to F), and overexpression of TGBp2
enhanced PVX replication (Fig. 7G). Taken together, these data clearly confirm that
TGBp2 is required for robust viral replication, in addition to functioning as a viral
movement protein. Considering the specific localization of TGBp2 in the X-body, it is
feasible that TGBp2 could provide an additional sheltered environment for PVX repli-
cation. However, it is also possible that the enhancement of PVX replication was due to
the nonspecific RNA binding activity of TGBp2. We are currently attempting to explore
the molecular mechanism responsible for this phenomenon.

During replication, PVX forms large amorphous complexes (X-bodies) that contain
all five viral proteins, viral RNA, host factors, and host endomembrane and proteins (6,
23–25). We observed TGBp3 as isolated patches or clusters closely neighboring the
RdRp/dsRNA bodies in the X-bodies (Fig. 3), which were clearly distinct from the chain
mail-like structure of TGBp2 (Fig. 2). Moreover, our results showed that the localization
of TGBp3 to the X-body was dependent on TGBp2 (Fig. 4C and D). Taken together,
these results indicate that TGBp2 functions in bridging the interaction between the
RdRp/dsRNA body and TGBp3. It has been proposed that plant viral replication and
intercellular movement are tightly linked (53). For PVX, it is proposed that the two
processes are coupled by the cap-like complexes at the entrances of PD (11). These
cap-like complexes are small viral replication complex per se because they share the
same components as the large perinuclear X-body and display vivid virus replication
(11). However, how these complexes are formed has remained elusive. Based on our
results and previous observations (11–13, 23), it is possible that TGBp1 is recruited to
the PD mainly by TGBp3 and CP is inserted into PD by TGBp1 (11), whereas the
RdRp/dsRNA bodies are transported to the PD via the bridging function of TGBp2.
Interestingly, TGBp2 proteins of TGB-containing plant viruses from other families, e.g.,
potato mop-top virus (PMTV, a pomovirus), poa semilatent virus (PSLV, a hordeivirus),
and barley stripe mosaic virus (BSMV, a hordeivirus), also associate with viral replication
complexes (54, 55), possess nonspecific RNA binding activity (56), or interact with and
rely on TGBp3 for its PD localization (39, 56, 57). This similar subcellular localization and
protein-protein interaction network implies a conserved role for TGBp2 in TGB-
containing viruses.

Previous studies have shown that the X-body has a layered structure with TGBp1
aggregates at its center, TGBp2/TGBp3 and nonencapsidated vRNA in the middle, and
encapsidated virions at the cytoplasmic periphery (6, 23). Summarizing our results and
these previous observations, a more sophisticated model of PVX X-body can be
proposed: TGBp1 aggregates localize at the center of the X-body, followed by RdRp/
dsRNA bodies; TGBp2 localizes on the surface of RdRp/dsRNA bodies, further enclosed
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by TGBp3; and nonencapsidated vRNA and encapsidated virions localize at the cyto-
plasmic periphery (Fig. 8). Additionally, a revised PVX intercellular movement model
can be proposed based on our results and previous studies (Fig. 8). In this model, newly
translated RdRp binds to viral genomic RNA in the cytoplasm to form the core
replication units which subsequently recruit TGBp1, TGBp2, TGBp3, and CP to form
typical cytoplasmic “X-bodies.” Due to the cytoplasmic streaming and/or other intra-
cellular movement mechanisms, these X-bodies are gathered into a typical perinuclear
X-body or transported by TGBp3 to the entrance of PD. It is also possible that the
cap-like structure at the entrance of PD is assembled de novo via the recruitment of
TGBp1 and TGBp2 by TGBp3, CP by TGBp1, and RdRp/dsRNA bodies by TGBp2.

MATERIALS AND METHODS
Plant growth condition and virus inoculations. The N. benthamiana plants were grown in pots in

a growth chamber under a 16-h/8-h photoperiod and 60% humidity at 23°C. The agrobacterial infiltra-
tions were performed as described previously (58). Overnight cultures of agrobacteria carrying the
proper plasmid were washed twice with infiltration buffer (10 mM morpholineethanesulfonic acid [MES;
pH 5.6], 10 mM MgCl, 100 �M acetosyringone) and used to infiltrate 3-week-old N. benthamiana leaves
at an optical density at 600 nm (OD600) of 0.1 using a 1-ml needleless syringe. For PVX infectious clones,
the Agrobacterium tumefaciens strain GV3101 containing pSoup helping plasmid was used (59).

Vector construction. Transient-expression vectors were constructed using Gateway technology
(Invitrogen, Shanghai, China). The full coding sequences of PVX RdRp, TGBp1, TGBp2, and TGBp3 and the
coding sequence of the RdRp domains (MET [aa 1 to 341], UNL [aa 342 to 731], HEL [aa 732 to 965], REP
[aa 966 to 1456], RepN [aa 966 to 1131], and RepC[aa 1132 to 1456]) were amplified with Phanta Super
Fidelity DNA polymerase (Vazyme, Nanjing, China) using pGR107 (33) as the template and transferred
into the entry vector pENTR/d-TOPO or vector pDONR221 (Invitrogen). TGBp2 mutants in the pENTR
vector, including pENTR-TGBp2Δ6-11 (lacking aa 6 to 11), pENTR-TGBp2ΔND (lacking aa 1 to 15), pENTR-
TGBp2ΔCD (lackig aa 101 to 115), pENTR-TGBp2Δ104-112 (lacking aa 104 to 112), and pENTR-TGBp2Δ52-60

(lacking aa 52 to 60) were constructed by Gibson assembly (New England BioLabs Inc., Shanghai, China).
pEarleyGate-101, -102, 104 (34), and pGWB554 (60) were used to construct the C-terminally YFP-, cyan
fluorescent protein (CFP)-, and mRFP-tagged and N-terminally YFP-tagged constructs, respectively. For
BiFC, p35S-YN-Gateway, p35S-YC-Gateway, p35S-Gateway-YN, and p35S-Gateway-YC (61) were used to
construct N- or C-terminal YN and YC-fused constructs. To construct a set of mRFP-based dRBFC assay
plasmids, pDONR-B2, pDONR-NS1, and pDONR-VP35 were recombined into Gateway-compatible mRFP-
based bimolecular fluorescence complementation vectors, pBaTl-ccdB-NmRFP and pBaTl-ccdB-CmRFP
(62), by LR recombination to generate B2-NmRFP, B2-CmRFP, NS1-NmRFP, NS1-CmRFP, VP35-NmRFP,
and VP35-CmRFP, respectively. Two Gateway-compatible MYTH plasmids (pBT3N-GW and pPR3C-GW)
were constructed using the Gibson assembly method according to the manufacturer’s instruments. The
fragment including attR1, the chloramphenicol resistance gene (CmR), the ccdB killer gene, and attR2 was

FIG 8 Schematic model of the PVX X-body. RdRp/dsRNA bodies, TGBp1, TGBp2, TGBp3, viral RNA, and
virions are represented by gray spherules, brown helices, purple spherules, roseous spherules, cyan
strings, and green streaks, respectively. The ribosome, nucleus, cytoplasm, cell wall, ER network, and PD
are also indicated.
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amplified from pEarley104 and inserted into the multiple-cloning sites of pBT3-N and pPR3-C (Dualsys-
tems Biotech AG, Schlieren, Switzerland). TGBp2, RDR, and their mutants in the pENTR vector were then
inserted by LR recombination. To construct nontagged TGBp3, the full coding sequence of TGBp3
including the stop codon was amplified, transferred into the entry vector pDONR207, and then inserted
into pEarley100 by BP and LR recombination, respectively.

A pGR107-based PVX infectious clone that included the two PUMHD-binding sites for PUMHD-based
viral genomic RNA labeling and an N-terminal red fluorescent protein (mCherry) and 2A-fused CP
(mCherry-2A-CP) (27), i.e., pGR.mCh, was constructed by replacing the sequence between the unique ClaI
and XhoI restriction sites with the fragment from PVX.pum-Cherry-CP (27) released with the same
restriction enzymes. The 2A peptide linker between mCherry and CP is derived from foot and mouth
disease virus (FMDV), which leads to partial cotranslational cleavage of mCherry and CP in the overcoat
PVX virus (63). To allow the expression of viral protein in the same cell as infected by PVX, the Gateway
cassette of pEarley101 or pEarley104, including the CaMV 35S promoter, attR1, CmR, ccdB, and attR2, and
the OCS terminator, was amplified and directly inserted into the unique SfoI restriction site between NOS
terminator and T-DNA left border sequence in pGR107 using the InFusion method (Clontech, Shanghai,
China) to construct pGR107/Gateway-YFP and pGR107/YFP-Gateway. The RdRp, TGBp3, TGBp2, TGBp2, or
their mutants in the pENTR vector was then inserted into the Gateway cassette by the LR reaction.

To construct replication-defective (Gly-Asp-Asp to Ala-Ala-Ala) and TGBp1, TGBp2, or TGBp3 single-
or double-knockout PVX mutants, a fragment from the unique AvrII site in RdRp to the unique HpaI site
in CP (nt 4390 to 5899) was amplified with Phusion DNA polymerase and ligated into the pCR-Blunt
vector (Invitrogen) to construct pCR-RdRp-CP. The three key residues (Gly-Asp-Asp) in RdRp for RNA
polymerase activity were mutated to Ala, and amino acids 6 (Ser) and 7 (Ser) in TGBp1, amino acids 10
(Ala) and 11 (Pro) in TGBp2, or amino acids 25 (Ser) and 26 (Leu) in TGBp3 were mutated to stop codons
using the QuickChange Mutagenesis II kit (Strategene). The insertions containing the appropriate
mutations were released by AvrII and ClaI or NdeI and HpaI double digestion and inserted back into the
appropriate PVX infectious clones treated with the same restriction enzymes. The PVX infectious clones
harboring TGBp2ΔND, TGBp2Δ52-60, or TGBp2ΔCD were constructed by overlap PCR. The initiator codon
(ATG) of TGBp2 was mutated to ACG, resulting in conversion of the 221st codon of TGBp1 (TAT) to TAC
(both TAT and TAC encode Tyr), and the 14th codon for Ser (TCT) was mutated to ATG in the PVX
infectious clone harboring TGBp2ΔND (pGR107-TGBp214-115); aa 52 to 60 of TGBp2 were completely
deleted in PVX infectious clone harboring TGBp2Δ52-60 (pGR107-TGBp2Δ52-60), whereas the 101st codon
(CAA) for Gln was mutated to a stop codon (TAA), which also resulted in conversion of the 7th codon of
TGB3 (CTC) to CTT (both CTC and CTT encode Leu), in the PVX infectious clones harboring TGBp2ΔCD

(pGR107-TGBp21-100). All plasmids were verified by DNA sequencing.
Confocal microscopy. Confocal microscopy analysis was performed as described previously (28). The

fluorescence signal in the infiltrated leaf area was monitored with a Leica TCS SP5 2 confocal laser
scanning microscope (Leica, Germany). CFP was excited at 405 nm and collected between 465 and
485 nm, YFP was excited at 496 nm and collected between 520 and 535 nm, and mCherry or mRFP was
excited at 543 nm and collected between 576 and 631 nm. The sequential mode was used when multiple
fluorescent proteins were coexpressed, and each fluorescence signal was further confirmed separately to
avoid signal cross-contamination.

N. benthamiana protoplast preparation and transfection. The N. benthamiana protoplasts were
prepared using well-expanded leaves from 4-week-old seedlings as described previously (58). Protoplasts
were transfected with proper endotoxin-free plasmids via DNA-polyethylene glycol (PEG)-calcium trans-
fection (28). The EndoFree Midi Plasmid Kit II (Tiangen Biotech Co., LTD, Beijing, China) was used to obtain
the endotoxin-free plasmids according to the provided protocol.

Double-stranded RNA detection. dsRNA was detected by both the binding-dependent fluores-
cence complementation assay (dRBFC assay) (28) and the J2 antibody-based immunofluorescence assay
(64). For the dRBFC assay, agrobacteria carrying the two plasmids for the dRBFC assay, e.g., pdRBFC-B2-
CmRFP and pdRBFC-NS1-NmRFP, and PVX infectious clone or transient-expression vectors were mixed in
a ratio of 1:1:2 and used to coinfiltrate N. benthamiana leaves at a final OD600 of 0.1. The infiltrated leaf
areas were monitored using confocal microscopy. The J2 antibody-based immunofluorescence assay was
performed as described earlier (28).

RNA extraction and qRT-PCR. The total RNA of N. benthamiana protoplasts was isolated using
TRIzol reagent (Invitrogen) according to the provided protocol, whereas the total RNA of N. benthamiana
leaf tissue was extracted using a RNAprep pure plant kit (Tiangen). Leaf tissues of 5 plants from the same
treatment were pooled as a biological replicate to minimize variations within the same treatment. We
used 500 �g (leaf tissue) or 200 �g (protoplasts) of total RNA as the template for first-strand cDNA
synthesis using an oligo(dT)12-18 primer with the Superscript IV reverse transcriptase (Invitrogen).
qRT-PCR was performed as described previously (65). In brief, qRT-PCR was performed in a 20-�l volume
system containing 4 �l of 50-fold-diluted cDNA, 5 �M each primer, and 1� SYBR green master mix
(Transgen) on a CFX96 Touch real-time PCR detection system (Bio-Rad). The genomic RNA of PVX was
determined by amplification of a 257-bp fragment of the PVX CP gene, and the N. benthamiana ACTIN
gene (NbActin; GenBank accession no. AY179605) was used as an internal control. All experiments were
repeated at least three times.

MYTH. MYTH was performed as described previously (58, 65). In brief, plasmids were introduced into
yeast strain NMY51 (Waryong Biotech, Beijing, China) using the Super Yeast Transformation Kit II
(Coolaber Biotech, Beijing, China) according to the provided protocol. Transformed yeast cells were
plated onto SD medium lacking Trp and Leu and cultured for 2 days at 30°C. Several independent
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positive transformants were transferred to high-stringency selection plates lacking Trp, Leu, His, and Ade
and incubated at 30°C for 3 to 4 days.
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